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Established Facts 

• In diazoxide-resistant congenital hyperinsulinism, high rates of glucose via a central catheter and 
intravenous infusions of glucagon are recommended to stabilize euglycemia. 

• The rationale of glucagon therapy comes from the observation of increased liver glycogen content 
due to insulin-dependent inhibition of glycogenolysis. 



Novel Insights 

• A continuous subcutaneous infusion of glucagon with or without octreotide-stabilized euglycemia 
over months and years without the need of a central catheter. 
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Abstract 

Background: Congenital hyperinsulinism (CHI) is character- 
ized by severe hypoglycemia caused by dysregulated insulin 
secretion. The long-term outcome is dependent on preven- 



tion of hypoglycemic episodes to avoid the high risk of per- 
manent brain damage. Severe cases are usually resistant to 
diazoxide or nifedipine. In addition, somatostatin analogues 
are ineffective in a subgroup of patients to achieve stable 
euglycemia. In these infants the only remaining long-term 
option has been subtotal pancreatectomy with high risk of 
diabetes mellitus. Intravenous infusions of glucagon are 
used as immediate treatment to stabilize euglycemia in af- 
fected newborns.The rationale of this treatment comes from 
the observation of an increased glycogen content of the liv- 
er when glycogenolysis is inhibited by insulin. Objective:To 
review the efficacy and safety of long-term subcutaneous 
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glucagon infusion as a potential therapeutic option for 
blood glucose stabilization in infants with severe CHI with- 
out the need of additional intravenous glucose or immedi- 
ate surgical intervention. Method: Retrospective review of 9 
children with CHI who received continuous subcutaneous 
infusion of glucagon for weeks or months. Glucagon was 
added to octreotide to replace octreotide-induced suppres- 
sion of endogenous glucagon secretion, thereby liberating 
glucose by stimulation of hepatic glycogenolysis. In 3 cases, 
a stabilized formulation of glucagon was used to prevent 
glucagon crystallization that frequently occurs in smaller 
volumes. Results: Introduction of glucagon allowed the re- 
duction or discontinuation of central glucose infusion in all 
children studied. In 2 patients, glucagon was introduced 
due to recurrent hypoglycemia despite subtotal pancreatec- 
tomy. Six out of 9 children were discharged home on this 
treatment, which their parents were able to continue with- 
out further symptomatic hypoglycemia, convulsions or un- 
consciousness. In 3 children, subcutaneous glucagon was 
continuously administered for 1-4 years leading to stable 
euglycemia. However, 2 children with diffuse type still re- 
quired subtotal pancreatectomy. As a possible side effect, 2 
children developed erythema necrolyticum, which resolved 
after discontinuation of the glucagon infusion. This has been 
described before in glucagonoma. Conclusion: In this retro- 
spective series, combination therapy of low-dose octreotide 
and subcutaneous glucagon infusion has been effective in 
preventing hypoglycemic episodes in severe CHI. We pro- 
pose this may serve as a therapeutic option in place of high 
rates of glucose infusion through a central venous catheter 
and as an alternative to subtotal pancreatectomy in diffuse 

type Of CHI. Copyright © 2008 S.Karger AG, Basel 



Introduction 

Congenital hyperinsulinism (CHI) is characterized by 
severe hypoglycemia due to dysregulated insulin secre- 
tion. The long-term outcome of infants with persistent 
hyperinsulinemic hypoglycemia depends on the preven- 
tion of hypoglycemic episodes to avoid the high risk of 
permanent brain damage [1-7]. Most patients with neo- 
natal-onset CHI have mutations of the sulfonylurea re- 
ceptor (SUR1), a component of the P-cell ATP-sensitive 
potassium channel (ABCC8), and require intensive care 
either surgically or medically [2, 5, 8, 9]. SUR1 mutations 
can occur as an autosomal recessive trait, leading to dif- 
fuse CHI that impairs function of all (3 cells, or as focal 
adenomatosis, in which loss of heterozygosity results in 



reduction to homozygosity for a paternally inherited mu- 
tated SUR1 allele. 

For the nearly 50% of patients with the focal form of 
CHI, surgical excision of the focal lesion leads to perma- 
nent cure [2, 10]. To differentiate focal from diffuse 
CHI, 18 F-DOPA-PET (or integrated PET/CT) is the pre- 
ferred method [11]. In diffuse CHI, more extensive 
subtotal pancreatectomy is frequently performed, with 
higher rates of complications and less likelihood of cure. 
Apart from surgical intervention, treatment modalities 
for CHI include high glucose infusion rates, continuous 
gastrostomy feeds and use of medications. High concen- 
tration glucose infusion by central venous catheter has 
been used to maintain euglycemia for periods up to sev- 
eral weeks [12]. Often, oral feeding is difficult or even 
impossible in these children [2, 13-15]. Alternatively 
continuous tube feeding with high carbohydrate con- 
tent has been used. Spontaneous remission occurs, 
sometimes within weeks and in other cases after sev- 
eral years [1, 2, 14, 16]. 

A number of drugs are currently used in stabilizing 
euglycemia. Diazoxide was introduced in 1965 as a 
treatment for a subgroup of CHI patients [17] . Diazoxide 
acts on the sulfonylurea receptor, which limits its action 
in cases with SUR mutations [2, 9]. Other drugs, e.g. oc- 
treotide [14, 18] or calcium channel blockers [19, 20], 
reduce insulin secretion without involving the sulfonyl- 
urea receptor [2, 9]. In addition to drugs whose effect is 
to inhibit insulin secretion by pancreatic [3 cells, intra- 
venous glucagon infusion has been used to increase 
blood glucose levels by stimulation of hepatic glycoge- 
nolysis. The rationale of this treatment comes from the 
observation of an increased glycogen content of the liv- 
er when glycogenolysis is inhibited by the inappropri- 
ately high insulin levels [21-23]. Furthermore in a recent 
study in children with different types of hypoglycemia, 
a diminished glucagon serum concentration during hy- 
poglycemia has been demonstrated specifically in CHI 
[24]. 

Here we report on continuous subcutaneous glucagon 
infusion as a therapeutic option, with or without con- 
comitant octreotide: (1) to stabilize euglycemia for weeks 
without the need of high glucose infusion by a central 
catheter; (2) to avoid pancreatectomy or re-operation in 
patients with diffuse type of CHI, and (3) to improve the 
stability of glucagon in aqueous solution in a subgroup 
of 3 patients a stabilized glucagon preparation was 
used. 



60 



Horm Res 2008;70:59-64 



Mohnike et al. 



o 



g1 

iS o 



_ c 
I 



CP 

5 



U H 

c rt 

CO 

-is a> S3 

Si C H 

8*| i. 

3 oo 
Q o oo 



3 T3 



§ z 



T3 
+-« M 

o tS 
Z £ 



A 

o -r 

A rJH 

H o\ 

O en 
u-1 (N 



O Q 



< 9 

A A 

h <: 

(N 00 

1^ o> 



C Ji 

■s -a 

6 $ 
c 2 



T3 



« B5 

3 5 



O pq 



„ o 

td U5 

5 c 

N a 



.3 g 

C " 



= >> V crl 
< J3 Oh C 



"3 5 



£ B 



co 



s 
o 
Z 



3 ■* 




6 3 

re u 

B .2 



OJ 

u 

g c 

i •'S ^ « 

§ & E T3 

£ Q o c 



« So 
So y 

s 1 



B o 
•3 o 

un B 



B £ 

v B 



■2 -9 



o 2 



a 

o 



"T3 C 
-c 

o a 



2 I 



rA rA Z 



c c 

O OJ 

Q £l 



43 B 
s> 5. 



Long-Term Non-Surgical Therapy of Horm Res 2008;70:59-64 61 

Severe Persistent CHI with Glucagon 



Methods and Results 



Discussion 



Nine children with neonatal-onset CHI from Germany, The 
Netherlands, Austria and the Children's Hospital of Philadelphia 
(USA) were treated initially with glucose infusions via a central 
catheter (table 1). Diazoxide was administered in doses of 10-15 
mg/kg/day as first-line medical therapy, but shown to be ineffec- 
tive in stabilizing blood glucose after 10-20 days. Second, octreo- 
tide was given in doses of 15-60 u,g/kg/day by intermittent sub- 
cutaneous injections without establishing stable euglycemia. An 
intravenous infusion of 1-3 mg/day glucagon was then initiated, 
and shown to be effective when the central glucose infusion was 
reduced or discontinued. Two children were found to have focal 
CHI, but surgery was delayed for technical reasons. In the re- 
maining patients with diffuse type CHI, stable euglycemia was 
not achievable with oral feeding and subtotal pancreatectomy was 
therefore recommended. The parents of patient 1 refused pancre- 
atectomy, and in 2 (patients 4 and 5) recurrent hypoglycemia per- 
sisted after subtotal pancreatectomy. To avoid subtotal pancre- 
atectomy or re-operation, subcutaneous glucagon was considered 
as an alternative therapeutic approach. Emergent approval for 
combination octreotide/glucagon infusion via portable subcuta- 
neous pump was obtained from the Institutional Review Board of 
the Children's Hospital of Philadelphia. Continuous subcutane- 
ous infusion of glucagon via an infusion pump was started at this 
time, at doses of 0.026-0.8 mg/kg/day. It was used in combination 
with octreotide in 8 of the 9 patients. A mean dose of 15 u,g oc- 
treotide/kg/day (range 0-35) was used. 

In all children, central glucose infusion was reduced or dis- 
continued after introduction of glucagon. Six children were dis- 
charged home and their parents were able to continue treatment 
without further symptomatic hypoglycemia, convulsions or un- 
consciousness. In 2 children this treatment was introduced due to 
recurrent hypoglycemia after subtotal pancreatectomy. One pa- 
tient with focal type was successfully operated by partial pancre- 
atectomy. In 3 patients, subcutaneous glucagon was continuously 
administered for 1-4 years leading to stable euglycemia. One of 
these patients developed recurrent hypoglycemia at age 2.5 years 
and a third pancreas operation was performed. 

In 3 out of 9 patients (patient 6, Tec 2 and Tec 3) we were not 
able to discharge home, 1 with focal type (Tec 3) was successfully 
operated by partial pancreatectomy. 

Glucagon infusion was complicated by frequent catheter ob- 
struction, occurring daily or 2-3 times weekly. In 1 case this led 
to the decision of subtotal pancreatectomy (patient 6), but in the 
others, parents were able to overcome these catheter obstructions 
in order to avoid pancreatectomy. To overcome this technical 
problem a new formulation of glucagon-Technosphere™ was de- 
veloped and approved by the Ethics Committee of the Otto von 
Guericke University, Magdeburg. Administration of glucagon- 
Technosphere™ in 3 children resulted in stabilized blood glucose 
with only few hypoglycemic episodes. Less then 3 alarm warnings 
per week alerted the parents but were surpassed spontaneously or 
after changing the infusion system. 

Regarding outcome, a healthy psychomotoric and physical de- 
velopment has been reported at the last visit in 8 of the children 
(age 6 months to 10 years), while 1 (patient 5) developed seizure 
disorder and visual impairment. In 2 children (patients 8 and 9) 
erythema necrolyticum occurred but resolved without scarring 
after glucagon was stopped [25]. 



The main goal of CHI treatment is the avoidance of 
hypoglycemia-induced brain damage. Treatment in- 
cludes a regimen of medical and surgical options [1-3, 5, 
26, 27]. 

Diazoxide is the first drug of choice in CHI with an 
effective dose up to 15 mg/kg/day [2, 7]. It binds to SUR1 
thereby inhibiting the closure of this ion channel and 
thus preventing depolarization, calcium influx and lastly 
insulin release [7, 9, 28]. The neonatal- onset type of CHI 
is often due to a mutation of the SUR, as has been shown 
in 6 of our patients. Diazoxide is sufficient to maintain 
euglycemia in children with types of CHI limited to a de- 
fect upstream of the SUR, such as mutations in the genes 
encoding the glucokinase enzyme, or glutamate dehy- 
drogenase (hyperinsulinism-hyperammonemia syn- 
drome) but a subgroup of patients with dominant muta- 
tions of SUR may also respond [29, 30]. Exceptionally, 
some patients with recessive mutations have been de- 
scribed as diazoxide-responsive [31]. 

In the diazoxide-resistant type of CHI, inhibition of 
insulin secretion by a mechanism downstream to this re- 
ceptor [21, 32, 33] has been an option. Until now, thera- 
peutic recommendations in diazoxide-resistant CHI have 
been limited to octreotide, calcium channel blockers and 
intravenous infusions of glucagon [12, 33]. Blocking cal- 
cium influx by the use of calcium channel blockers has 
been used with conflicting results and with only limited 
success in severe neonatal-onset CHI [20, 33]. 

In 1993, Glaser et al. [14] and Thornton et al. [18] re- 
ported on the administration of octreotide subcutane- 
ously in CHI for up to 4-5 years. Octreotide does not 
entirely eliminate hypoglycemic events [12], which recur 
even with increasing doses [18]. Various side effects have 
been seen when octreotide has been used in a number of 
different pathological situations, usually at higher doses 
(20-40 |xg octreotide/kg/day) [18, 34]. Gallbladder cal- 
culi have been reported in 3/20 adolescents treated for tall 
stature with octreotide [34] . General side effects with gas- 
tric atony, nausea, diarrhea and abdominal discomfort 
were reported by a minority of subjects, including 2 of 
our patients [35] . In our patients, growth and weight were 
not influenced by the applied dose of octreotide (mean 15 
^g/kg/day). 

In this observational study, a combination of octreo- 
tide and subcutaneous glucagon infusions was tried as an 
alternative approach to eliminate entirely the hypoglyce- 
mic events seen when octreotide alone is used for CHI. 
Glucagon has been used for the immediate treatment of 
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hypoglycemia in patients with diabetes mellitus who in- 
jected overdoses of insulin. Several papers reported on 
the use of glucagon in CHI [2, 13, 22, 23, 36, 37]. Its action 
on hepatic glycogen storage has long been known. Ad- 
ministration of 0.1 mg/kg glucagon in an infant with CHI 
increased hepatic glycogenolysis and caused an increase 
of glucose production from 4 to 10 mg/kg/min [21]. 

Our first goal was to stabilize euglycemia for weeks 
without the need of high glucose infusion by a central 
catheter. A reduced daily dose of 8-15 u-g octreotide/kg 
was used in 5 children which is considerably lower com- 
pared to doses used with octreotide alone. In patient 4, 
glucagon alone was administered for 15 months leading 
to stable euglycemia. In all children, central glucose infu- 
sion was reduced or discontinued after introduction of 
glucagon. In 3 out of 6 children, subcutaneous glucagon 
was successfully administered continuously for 1-4 years 
without further symptomatic hypoglycemia, convulsions 
or unconsciousness. 

Our second goal, to avoid pancreatectomy or re-op- 
eration in diffuse CHI, was reached in 5 children (pa- 
tients 1-5) by continuous subcutaneous infusion of glu- 
cagon with or without octreotide. Subtotal pancreatec- 
tomy was decided in 2 children, in 1 due to erythema 
necrolyticum due to glucagon administration (patient 9) 
and in the other (patient 6) due to technical problems 
with catheter obstructions following glucagon crystalli- 
zation. 

Because glucagon is a very labile molecule in aqueous 
solution, it crystallizes out of the solution over time which 
can result in blockage of the infusion apparatus. This be- 
came particularly problematic as the doses, and hence 
glucagon concentration, increased. In 3 patients we used 
a new formulation of glucagon which is pH-sensitive, be- 
ing a solid at a pH <5.8 and soluble at pH >6.5. Techno- 
sphere™ is a proprietary diketopiperazine molecule of 
which a hydrogen group binds to the glucagon molecule, 
thereby stabilizing it from degradation in aqueous media, 



forming solid spheres of about 2 \±m in size. An aqueous 
suspension of the formulation in sterile saline has the ap- 
pearance of milk. Since the particles are less than one 
third of a red blood cell in diameter and have an absolute 
density close to one, they readily remain suspended and 
can be administered without obstructing the catheter. 
The subcutaneous tissue raises the pH level to neutral 
and the spheres dissolve, releasing the intact glucagon. 
Technosphere™ has been used to stabilize other protein 
hormones [38-40] . At present we have only limited expe- 
rience with Technosphere™- stabilized glucagon infu- 
sion due to its restricted availability. Further clinical tri- 
als are needed before its use may be advocated. 

As possible side effects of glucagon treatment, erythe- 
ma necrolyticum migrans has been described before in 2 
of our patients [25]. This occurred during both intrave- 
nous and subcutaneous glucagon administration, but 
disappeared after discontinuation of the drug. It is un- 
clear whether the induction of erythema necrolyticum 
migrans is dose-dependent, but increased bioavailability 
of glucagon due to Technosphere™ stabilization might be 
taken into consideration. 

In conclusion, a combined therapy of low-dose octreo- 
tide and a stabilized subcutaneous infusion of glucagon 
may be a useful treatment for CHI under at least three 
different circumstances. First, it can reduce the amount 
of intravenous glucose needed to stabilize blood glucose 
levels during the diagnostic period, thereby decreasing 
the risk of high volume and high osmotic complications 
until surgical treatment can be performed for either focal 
or diffuse type of CHI [7, 10]. Second, it may serve as an 
additional option in the long-term management of dif- 
fuse CHI, instead of near-total pancreatectomy, thereby 
preventing possible failure of the exocrine pancreatic 
function and the later development of diabetes mellitus. 
Finally, for challenging patients with recurrent hypogly- 
cemia after near- total pancreatectomy, glucagon infusion 
may provide long-term stabilization. 
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